Hydration around the DNA fragment d(C 5 T 5 )Á (A 5 G 5 ) is presented from two molecular dynamics simulations of 10 and 12 ns total simulation time. The DNA has been simulated as a¯exible molecule with both the CHARMM and AMBER force ®elds in explicit solvent including counterions and 0.8 M additional NaCl salt. From the previous analysis of the DNA structure B-DNA conformations were found with the AMBER force-®eld and A-DNA conformations with CHARMM parameters. Highresolution hydration patterns are compared between the two conformations and between CÁ G and TÁ A base-pairs from the homopolymeric parts of the simulated sequence. Crystallographic results from a statistical analysis of hydration sites around DNA crystal structures compare very well with the simulation results. Differences between the crystal sites and our data are explained by variations in conformation, sequence, and limitations in the resolution of water sites by crystal diffraction. Hydration layers are de®ned from radial distribution functions and compared with experimental results. Excellent agreement is found when the measured experimental quantities are compared with the equivalent distribution of water molecules in the ®rst hydration shell. The number of water molecules bound to DNA was found smaller around T ÁA base-pairs and around A-DNA as compared to B-DNA. This is partially offset by a larger number of water molecules in hydrophobic contact with DNA around T ÁA base-pairs and around A-DNA. The numbers of water molecules in minor and major grooves have been correlated with helical roll, twist, and inclination angles. The data more fully explain the observed B 3 A transition at low humidity.
Introduction
Solvent interactions are a key factor in the conformational variability of nucleic acids (Westhof, 1988 (Westhof, , 1993 Saenger, 1987; Buckin, 1987) and binding of ligands to nucleic acids (Otwinowski et al., 1988; Shakked et al., 1994; Qian et al., 1993; Robinson & Sligar, 1993; Kopka et al., 1985 , Chalikian et al., 1994a Olmsted, 1996; Misra et al., 1994) . The preference for the A form of DNA at low water activity and the B form at high water activities has been of particular interest (Saenger, 1984) . This was ®rst observed in DNA ®bers, where B-DNA transforms into A-DNA at 73-95 % relative humidities (Franklin & Gosling, 1953) . The actual transition point depends on the base sequence, since CÁG base-pairs are generally more A-philic than AÁT base-pairs (Arnott & Selsing, 1974; Pilet & Brahms , 1972) . In the physiologically more relevant solution environment, the addition of ions or organic solvents like ethanol cause B to A transitions (Pohl, 1976; Nishimura et al., 1986) while lowering water activities in solvation around the DNA solutes.
First experiments on DNA hydration revealed that DNA is preferentially hydrated around the backbone phosphate oxygen atoms (Falk et al., 1962; de Oliviera Neto, 1986 ), but the highly ordered water molecules in the grooves are most important for DNA structure and stability. A detailed molecular understanding emerged from the success of X-ray diffraction studies (Savage & Wlodawer, 1986 ) on DNA crystals. The observation of highly localized water molecules forming a``spine of hydration'' in the narrow minor groove E-mail address of the corresponding author: pettitt@uh.edu of the B-DNA fragment d(CGCGAATTCGCG) 2 (Drew & Dickerson, 1981; Kopka et al., 1983) was the ®rst direct picture of the structural importance of solvent interactions with DNA. Since then individual solvent molecules have been identi®ed around many nucleic acid oligomers in all major conformations (Schneider & Berman, 1995; Wahl & Sundaralingam., 1997; Eisenstein & Shakked, 1995; Tippin & Sundaralingam, 1997) . They expose complex hydration patterns, suggesting a variety of hydrogen bond networks (Westhof, 1993; Saenger, 1987) . A spine of hydration is observed frequently in the minor groove with one or two water molecules per base-pair, depending on the groove width Westhof, 1987; Chuprina, 1985; Teplukhin et al., 1991; Subramanian et al., 1988) . Other common motifs are pentagonal water arrangements in the major groove of A-DNA (Kennard et al., 1986; Eisenstein & Shakked, 1995) and``cones of hydration'' around the anionic phosphate oxygen atoms (Pullman et al., 1978; Saenger, 1987; Westhof, 1993) . Similar results have been found from neutron diffraction on DNA ®bers (Forsyth et al., 1989; Langan et al., 1992; Shotton et al., 1997) and NMR studies in the solution environment (Kubinec & Wemmer, 1992; Liepinsh et al., 1992 Liepinsh et al., , 1994 Maltseva et al., 1993; Fawthrop et al., 1993; Wang & Patel, 1994; Jacobson et al., 1996) .
Particularly interesting is a statistical analysis of crystallographic hydration sites around the four nucleic acid base types in A and B-DNA conformations (Schneider et al., 1992; Schneider & Berman, 1995) . Clear hydration sites at the base amino and carbonyl groups in the minor and major grooves irrespective of the various base sequences of the DNA fragments used in the analysis suggest that DNA hydration is mostly local. This has also been supported by theoretical studies (Elcock & McCammon, 1995; Rudnicki & Pettitt, 1996) .
Although diffraction studies have produced very attractive molecular pictures of DNA hydration, they are limited in two important aspects. Only spatially ordered water molecules cause discernible diffraction intensities. The (less ordered) majority of the water in the ®rst solvation layer around DNA remains unre®ned and thus invisible. In addition, localized ions around DNA cannot be easily distinguished from water oxygen atoms (Savage & Wlodawer, 1986) . In the crystal environment, DNA molecules are packed closely with only few solvent layers in between. To what extent this constrains the solvent to a more ordered structure than in solutions with diluted DNA concentrations has not been established.
A variety of experimental techniques have been used to investigate the change of physicochemical properties of water around DNA (Texter, 1978) . Water molecules in the immediate vicinity of DNA have reduced mobility (Denisov et al., 1997; Makarov et al., 1998b) , increased density (Chalikian et al., 1994b) , and loses the tetrahedral water coordination found in the bulk (Tao et al., 1989; Falk et al., 1970) , while forming hydrogen bonds with the DNA. The number of water molecules with altered physical properties were determined to de®ne the hydration shell around DNA as a measure for the stabilizing role of water for different conformations and base sequences (Tunis & Hearst, 1968; Tao et al., 1989; Harmouchi et al., 1990; Chalikian et al., 1994b) . The following picture emerges from the various studies: ®ve to six water molecules per base-pair are bound very tightly to the DNA at 0 % relative humidity (Falk et al., 1962; Tao et al., 1989) . Their number corresponds to the most localized water molecules observed by X-ray diffraction in the grooves. At somewhat higher humidity, 10-12 water molecules are bound well enough to prohibit crystalization at low temperatures (Falk et al., 1970) . Further, 20-21 water molecules per base-pair (excluding the water molecules present at 0 % relative humidity) are required to stabilize B-DNA at 80 % relative humidity (Harmouchi et al., 1990; Tao et al., 1989) , resulting in a total of at least 25-27 water molecules per base-pair in the ®rst hydration shell of B-DNA. Buoyant density experiments on DNA ®bers found two more water molecules around A ÁT than around CÁG base-pairs at a relative humidity of 70 % (Tunis & Hearst, 1968) . However, from solution studies measuring molar volumes and compressibilities as a function of base composition (Chalikian et al., 1994b) , it was concluded that CÁG base-pairs are more strongly hydrated than A Á T base-pairs. Surprisingly, mixed base sequences were found to be less hydrated than either C ÁG or A ÁT homopolymers.
Computer simulation techniques have been used to complement the experimental ®ndings Vovelle & Goodfellow, 1993) . Monte Carlo simulations of water molecules around ®xed DNA fragments showed ordered water molecules in the DNA grooves similar to the experimental results (Subramanian et al., 1988 (Subramanian et al., , 1990 Teplukhin et al., 1991; Eisenhaber et al., 1990) , reproducing the spine of hydration and minor groove width effects. Major groove hydration was found to be base sequence speci®c (Eisenhaber et al., 1990) . Early molecular dynamics simulations of explicit solvent around rigid (Forester & McDonald, 1991; Chuprina et al., 1991) and¯exible B-DNA (Miaskiewicz et al., 1993; Laaksonen et al., 1989; Fritsch et al., 1993) report similar results. More recently, the hydration around a fully¯exible d(CGCGAATTCGCG) 2 fragment has been analyzed from a 1 ns simulation and compared to the crystallographic results (Duan et al., 1997) . RNA hydration has been discussed from 3 ns of multiple molecular dynamics simulations .
We have recently presented two 10 ns molecular dynamics simulations of the DNA duplex d(C 5 T 5 )Ád(A 5 G 5 ) in explicit solvent with counterions and 0.8 M NaCl (Feig & Pettitt, 1997 . The use of the most recent AMBER and CHARMM force-®elds (Cornell et al., 1995; MacKerell et al., 1995) with Ewald electrostatics resulted in a mostly A-type DNA conformation with the CHARMM parameters and an average B-like structure with AMBER parameters. While the long simulation times provide signi®cantly better statistics than in previous studies, a fully¯exible DNA fragment consisting of C ÁG and T Á A homopolymers simulated in A and B conformations under identical simulation conditions presents a unique opportunity to study the conformation and base type dependence of solvent interactions with DNA. Furthermore, conformational¯uctuations were also observed within each simulation, which can be used for a correlation analysis. The DNA backbone in the CHARMM simulation remained in A conformation at the guanine and adenine backbone, but uctuated between A and B at the cytosine and thymine bases. Figure 1 compares the backbone conformations over the course of both simulations. In the AMBER simulation the backbone remained in the B form, but the base geometries¯uctuated between A and B conformations. This is most obvious in the base inclination angle towards the helical axis shown in Figure 2 . In addition B I -B II transitions were observed in the adenine backbone.
These two simulations allow the chance to understand variations with respect to force-®eld as well as to compare A form with B form DNA. While the simulations provide a wealth of information on structure and dynamics of water and ions in correlation with base sequence and conformation, we will focus here on the comparison and evaluation of water structure with the experimental results.
We then present a local analysis of individual sites and their correlation with sequence. This is followed by the hydration patterns found in the simulation in comparison with the experimental patterns. We ®nish with a discussion of the results and our conclusions about this analysis and the implications for sequence on context sensitive hydration patterns.
Results
The presentation of our results is divided into two parts. First we will discuss the large-scale hydration patterns found from the simulations in comparison with crystallographic water sites. In the second part we shift the focus from individual water sites to the de®nition of hydration shells compared with experimental data and their correlation with DNA sequence and structure. Figure 3 shows the distribution of localized water molecules around the average DNA conformations from the two simulations. The B-like DNA conformation with the AMBER force-®eld at the top can be easily distinguished from the A-DNA structure with highly inclined bases at the bottom in the simulation with CHARMM parameters. In both pictures, the contours indicate water oxygen densities of more than 2.4-times the bulk density. In comparing the two structures, water molecules around the A conformation are more ordered, as evidenced by the more elaborate patterns at the Molecular Dynamics Simulations of DNA Hydration high density contour value. This is in part a consequence of the more con®ned structural¯uctuations with the CHARMM force-®eld in the A conformation compared to the B conformation with the AMBER force-®eld. In particular, highly ordered hydration patterns around the A-DNA structure are apparent at the very rigid sugarphosphate backbone of the purine strand (see Figure 1) . At the ends of the DNA (the ®rst and last basepairs are not shown in Figure 3 ), edge effects show minor in¯uence only on the hydration patterns around the second and ninth base-pairs. Repetitive patterns are formed along the C Á G and TÁ A homo- polymer stretches. They blend into each other at the C Á T junction, affecting hydration patterns only at the adjacent base-pairs. Hydration around the third and eighth base-pairs is therefore considered representative of the respective homopolymers. Figure 4 (a) and (b) focus on the minor and major groove hydration patterns around the A and B-DNA structures. They are compared with consensus water sites from a statistical analysis of crystallographically resolved water positions from DNA crystal structures in B (Schneider & Berman, 1995) and A conformations (Schneider et al., 1993) . The results for B-DNA in Figure 4 (a) are more re®ned and based on 14 crystal structures compared to eight for A-DNA in Figure 4 (b). Schneider & Berman (1995) report hydration sites relative to bases, rather than base-pairs as here. Since some water positions are counted for both bases in C ÁG or A Á T base-pairs, double overlapping water sites appear at the cytosine O2 and guanine O6 atoms in Figure 4 (a) and (b). Despite very different sequence contexts and conformational variations in the DNA of the analyzed crystal structures, most of the hydration sites agree very favorably with the simulated water oxygen densities. This generally expresses support for the concept of local hydration advocated by Schneider & Berman (1995) . From Figure 4 (a) and (b) hydration patterns in both grooves can be compared between C ÁG and T Á A base-pairs as well as between A and B conformations. While the block-homopolymeric sequence context in our simulations is ideal for a fundamental comparison between C Á G and T ÁA base-pairs, it provides only little information on the in¯uence of neighboring DNA sequences. However, the local base hydration approach implies that most observed features will also be present in different sequence environments.
Hydration sites
Around the B-DNA structure distinct hydration patterns in Figure 4 (a) are found in the minor groove at C Á G and T Á A base-pairs as a result of different groove widths. A classical spine of hydration with a caterpillar-like structure of alternating ®rst and second-layer water molecules (Drew & Dickerson, 1981) is formed along the narrow minor groove at TÁ A base-pairs. The density area of the second-layer water extends towards the adenine N3 atom, but the groove is not wide enough to support individual hydration as indicated by the crystal hydration site. A wider C ÁG minor groove allows individual hydration of the cytosine O2, guanine N3, and guanine N2 atoms. Additional hydration sites closest to the sugar O3 H atoms protrude into the minor groove between base planes on either side. In the A conformation shown in Figure 4 (b) the DNA is hydrated very similar to the B form, but with an extended density at the guanine N3 atom. It contains an additional water site between the base N3 atom and the sugar O4
H atom of the next base in 3 H direction, that is not present in the B conformation. In contrast to the B structure, the minor groove at T ÁA base-pairs in the A form is not narrowed compared to the C ÁG base-pairs. As a result, the T Á A minor groove. is hydrated to a similar extent as the C ÁG minor groove. Adenine N3 and thymine O2 atoms are individually hydrated with a second-layer water molecule between base planes as in the B form. As for the guanine base, hydration sites are also found between both the adenine N3 and thymine O2 atoms and the O4 H sugar atoms of the next base. Weaker water densities indicate additional water molecules at the sugar O3
H atoms as in the hydration of C ÁG base-pairs in both conformations.
In the major grooves, hydration patterns are essentially equally well de®ned. Around C ÁG basepairs in the B-DNA structure the prominent features are individual hydration of the cytosine N4 atom and a continuous high degree of water density region containing four water oxygen atoms along the O6, N7, C8, and backbone phosphate atoms of the guanine base. A less well-de®ned hydration site is found below the cytosine C6 atom in the vicinity of a crystallographic water site, but does not quite reproduce the order formed in the crystal form. Around the T ÁA base-pairs continuous hydration patterns run along the major groove at the thymine O4 and adenine N6 and N7 atoms. The latter contains 1.5 water molecules per basepair. Towards the thymine sugar two hydration sites emerge, one in the base plane closest to the O1P phosphate oxygen, the other one between base planes below the thymine C6 close to the crystallographic water position. In the A-DNA structure from the CHARMM simulation shown in Figure 4 (b) the major groove water arrangement is signi®cantly different at the guanine bases. The O6 hydration is continuous along the groove, whereas N7 atoms are hydrated individually. Most notable however is a well-de®ned pattern of connected rings in the second hydration layer extending to the guanine backbone. A more detailed picture of the ring structure together with highly resolved backbone hydration sites is shown in Figure 6 and will be discussed in more detail below. The hydration of the cytosine base is very similar to the B conformation, but with two distinguishable water sites in and between base-planes close to the C5 and C6 atoms. The T ÁA base-pairs in A conformation have only one continuous high water density area along the major groove at the thymine O4 atom. Adenine N6 and N7 are hydrated by only one water molecule compared to 1.5 in the B conformation, but an additional water site appears close to the phosphate oxygen O1P. Thymine hydration towards the backbone is more complex with three additional ordered water molecules per base-pair. One site is situated between the O4 and methyl carbon atoms, the next, surprisingly, right at the hydrophobic methyl carbon atom and the third close to the backbone phosphate oxygen.
A different perspective of the structure of the hydration shell is given by Figure 5 (a) and (b). They show two-dimensional cuts through C ÁG and T Á A base-planes from a higher resolution counting grid and averaged over the same base types in base-pairs 3 and 4, and 7 and 8. The crystallographic sites projected into the planes match very well with the simulated water oxygen densities, with the exception of the cytosine C6 hydration site, where the corresponding hydration site in the simulation is found too far off the base-plane between planes to appear in this Figure. The highly localized groove water molecules have already been discussed above. Well-de®ned hydration patterns containing multiple water molecules also surround the sugar-phosphate backbones and some water structure is even visible in the second solvation shell. Broken lines contour areas with water densities less than half the bulk value. Those are the volumes either excluded from the solvent by the DNA solute or those formed by the highly ordered water molecules in the grooves, which create additional pockets depleted of water in analogy to minima in the familiar radial distribution function.
Figure 4(a) (legend opposite)
In Figure 5 (b) from the CHARMM simulation, an intricate pattern of water sites is formed around the DNA in A conformation. The water sites between the sugar O4 H and N3 and O2 base atoms and more ordered water structure at the thymine methyl group distinguish the A form major groove hydration from the B-DNA structure. In the minor groove the hydration sites have a similar structure around the A conformation, but are not buried deep into the groove as in the B conformation. Most noticeable, however, is the extended second and third-layer water structure in the major groove (Schneider & Berman, 1995) as yellow balls. From top to bottom C ÁG minor groove (A), TÁ A minor groove (B), C Á G major groove (C), and TÁ A major groove (D) are depicted around the third and eighth base-pair. Contours show water oxygen atom densities at a level of 60 water molecules per nm 3 . (b) Groove hydration patterns as described in (a), but from the simulation with CHARMM parameters with DNA in A conformation. Crystallographic consensus hydration sites around A-DNA are only available for CÁG base-pairs (Schneider et al., 1993) since DNA fragments crystallizing in A form contain mostly C Á G base-pairs.
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at the guanine base. A more detailed view of the hydration patterns is shown in Figure 6 . A familiar pentagonal ring structure with four water molecules per base-pair is formed in the major groove. It is connected to the back-bone hydration consisting of two con®ned strips of water, that contain on average three water molecules each. Both strips wrap around the backbone, one between phosphate atoms, the other one at the phosphate unit. Another water site is indicated on top of the ring structure. From an analysis of ion distributions (M.F. & B.M.P., unpublished results) we found a sodium ion in the center of each ring. The ring structure together with the N7 hydration site and the water on top of the ring form an octahedral ion solvation complex, that is rigidly incorporated into the major groove hydration of ADNA. Similar ionwater complexes have been studied before (Caldwell et al., 1990) and six coordinated water molecules per ion are expected for sodium sol- vation in aqueous solutions (Chandrasekhar et al., 1984; Dang et al., 1991) . Pentagonal water motifs in A-DNA major grooves have been reported before from crystal studies (Kennard et al., 1986; Eisenstein & Shakked, 1995; Wahl & Sundaralingam, 1997) . However, they were found across the groove of alternating CpG sequences and formed by ®rst-layer hydration water molecules.
A quantitative analysis of hydration sites identi®ed with the nearest DNA atom is presented in Tables 1 to 3. Table 1 and 2 compare the groove sites around the B and A conformations to crystal water sites. Table 3 lists the water sites in the A-DNA ring and guanine backbone patterns. The three-dimensional oxygen density maps from the simulation were partitioned into volumes enclosing distinct hydration sites. The assignment of grid volume elements to a hydration site was done by following the density gradient to the nearest local maximum after smoothing the density map. Regions with low (solute) or¯at (bulk) water densities were excluded. The grid elements of each volume were averaged, after weighting by the oxygen densities at each volume element, to ®nd the best estimate for coordinates of hydration sites from the simulations. The sum of oxygen densities of all grid elements in a volume yield an occupancy value for each hydration site. Coordinates, occupancies, and volume size, determined in this way, are compared to the crystallographic water positions in Tables 1 to 3 . Schneider & Berman (1995) also determined occupancy numbers for the B-DNA hydration sites. All coordinates are given in the base-pair ®xed coordinate system as introduced above. To measure the agreement of the simulation with the crystal sites, root-mean-square distances are given in the last columns of Tables 1  and 2 . A criterion for good agreement can be gained from the statistically determined anisotropic temperature or displacement factors reported by Schneider & Berman (1995) . The B values converted to root-mean-square¯uctuations amount to 0.54-0.68 A Ê . Signi®cantly outside the range of thermal¯uctuations around the crystal sites are the hydration sites at the guanine N2, cytosine C6, guanine O6, guanine N7, and thymine C6 atoms around the B conformation, and the cytosine O2, cytosine C5, guanine O6, and guanine N7 sites around the A conformation. It should be kept in mind, however, that fewer data for the A-DNA crystal hydration analysis suggest a higher degree of uncertainty.
To resolve the remaining discrepancies between the water sites from simulation and crystal analysis we considered the procedures by which the crystal water sites were determined, as well as the conformational and sequence environments of the crystallized DNA structures. The crystal hydration sites in the B-DNA structure at guanine O6 and N7 atoms mimic the shape of the simulated hydration pattern, but they are displaced along the helical axis lying between the patterns of two consecutive base-pairs. This can be explained by an averaging procedure, either explicitly during the statistical analysis or implicitly by ®tting crystal water molecules to low-resolution diffraction peaks, that accounts for water positions at the closest DNA atom rather than considering the shape of the hydration patterns as is done here. If the simulated densities are averaged for the closest DNA atom, the lower part of the hydration pattern is counted together with the upper part of the previous pattern, resulting in average positions close to the Coordinates, occupancies, and occupied volume are given for the simulation and compared with X-ray positions and occupancies from Schneider & Berman (1995) . Distances between simulation maxima and X-ray positions are shown in the last column. Coordinates, occupancies, and occupied volume are given for the simulation and compared with X-ray positions and occupancies described by Schneider et al. (1993) . Distances between simulation maxima and X-ray positions are shown in the last column. All positions are in base normalized coordinates (set the text) in A Ê .
a Averaged relative to base (see the text).
crystal sites. This is illustrated in Figure 7 . The same procedure produces water positions close to crystal sites at the guanine O6 and cytosine O2 atoms around the A conformation. Thus we see the apparent crystal sites as being an artifact of the averaging procedure used. A similar case is found for the hydration site at the guanine N2 atom. Schneider & Bermann (1995) interpret the weak hydration site at the guanine base close to N2 as part of the cytosine O2 hydration, since the position lies close to the O2 water site around the cytosine base. They conclude that N2 is not individually hydrated. From a comparison of water positions at individual crystal structures that were used in their analysis with the simulated densities, a different picture emerges. Figure 8 shows typical hydration patterns around the guanine N2 atom in the minor groove selected from the crystal structures BDJ025 (Grzeskowiak et al., 1991) and BDJ037 (Yuan et al., 1992) . The guanine bases were ®tted onto the guanine base in the simulated structure. In the structure BDJ025, resolved with a higher resolution of 1.5 A Ê the O2, N3 and N2 sites agree well with the simulated densities. For the structure BDJ037 on the other hand, resolved to a lower resolution of 2 A Ê only one water molecule is reported close to N2 at a position in the middle of four hydration sites at N2, O2, and the previous base. This suggests that the resolution was not high enough to resolve the individual sites, and a water molecule was ®tted at an average position between all four sites. Since Schneider & Berman (1995) averaged both types of high and low-resolution water sites together, this would explain why they arrived at an inconclusive site intermediate between N2 and O2, rather than a clear picture of individual N2 hydration as in our simulation.
The opposite effect occurs with the hydration at the N6 and N7 atoms. In the simulation a continuous hydration pattern is found with an average occupancy of 1.44 water molecules and maximum density between N6 and N7 atoms. From the crystal water analysis two individual sites are reported at the N6 and N7 atoms, both with occupancies of 0.5 water molecule each.
Another interesting point can be seen from Figure 8 . The crystal site around the BDJ025 structure agrees very well at the O2 site in the center of the groove, but the water positions are shifted down slightly at the N2 site and more pronounced at the N3 sites closest to the backbone. This is necessary to accommodate a different orientation of the hydrophobic part of the sugar ring at the next base, that puts it closer to the guanine base while protruding further into the groove. The difference in backbone geometries results mainly from underestimated w dihedral and twist angle values in the simulation compared to the crystal structures (Feig & Pettitt, 1998) .
The same argument applies also to the hydration sites at the cytosine and thymine C6 atoms in the B conformations. At both sites the water positions found in the crystal structures are closer to the base-plane as the furanose ring is displaced from the position in the simulation. Because of the reverse strand direction at the cytosine bases compared to the guanine bases discussed before, the sugar ring from the crystal structure is now found above the simulated position. However, while different backbone geometries explain a shift in position, the water densities from the simulation do not show a similar degree of order as that of the groove water molecules that would be necessary for detection by X-ray diffraction. This is particularly the case around the cytosine bases. In Figure 9 , a typical picture of crystallographic data water sites around cytosine is shown from the high-resolution BDJ025 structure in comparison with the simulated hydration patterns. A more favorable environment for a hydration site is provided by displacement of the sugar ring away from the cytosine base and a closer anionic O1P phosphate oxygen atom that serves as a hydrogen bond acceptor. In most of the crystal structures, where hydration of the cytosine C6 is found near the average site, a guanine base follows below the cytosine base. The guanine N7 below the cytosine C6 atom is hydrated with a well-ordered water molecule that provides additional stabilization for a hydration site at the cytosine C6 atom, that is not present in the simulated structure of a C ÁG homopolymeric sequence. This might offer an explanation for the observation of ordered cytosine C6 crystal water sites, while the water density in the simulation is less well de®ned at the same location.
Around the A-DNA conformation, the hydration site above the cytosine base-pair close to the C5 atom is not matched at all in the simulation. As shown in Figure 10 , this site is too close (1.6 A Ê ) to the C6 atom of the previous cytosine base in the simulated structure. However, in an alternating GpC sequence the site is in ideal hydrogen bonding distance of 2.3 A Ê from the guanine N3 atom for typical A-DNA geometries, while all of the analyzed A-DNA crystal structures contain GpC steps.
Hydration shells
A different viewpoint is gained from looking at the radial distribution of water molecules around DNA. Figure 11 shows conditional radial distribution functions of water oxygen atoms around DNA. Water counts at a given distance were separated depending on the type of the closest heavy DNA atom and normalized by the available volume at this distance from the DNA solute closest to the respective atom type. The volume calcu- Figure 8 . B-DNA crystal hydration sites around the guanine N2 atom from crystal structures BDJ025 (Grzeskowiak et al., 1991; orange) and BDJ037 (Yuan et al., 1992 ; red) compared with simulated water densities (blue) in the AMBER simulation. The guanine bases have been matched with the third guanine base in the average structure (black) from the simulation and all structures have the same strand orientation. Figure 9 . B-DNA crystal hydration sites around the cytosine C6 atom from crystal structure BDJ025 (Grzeskowiak et al., 1991 ; yellow) compared with simulated water densities (blue) in the AMBER simulation. The cytosine base has been matched with the third cytosine base in the average structure (black) from the simulation. lation is a non-trivial task (Makarov 1998a; Rudnicki & Pettitt, 1996) . It was calculated from a grid and updated every ten simulation steps (1 ps) to provide suf®cient accuracy in the calculation of the radial distribution function. Conditional radial distribution functions around B-DNA from the simulation with the AMBER force-®eld have been presented before in a comparison with protein hydration (Makarov et al., 1998b) . The graphs shown here are averaged over a much longer part of the trajectory (8 ns versus 200 ps) to provide a more detailed view, and compared to the distribution around the A-DNA from the CHARMM parameter simulation. Around oxygen atoms, a third peak is clearly visible in addition to the familiar ®rst and second solvation shells. The nitrogen curve stops at around 0.7 nm, as the available volume closest to nitrogen vanishes for larger distances. Only minor differences are apparent between the two simulations. The peak positions of water oxygen atoms close to carbon are shifted outwards by 0.015 nm with the CHARMM force®eld compared with the AMBER force-®eld, and the second hydration peak around oxygen atoms is more structured around the A form than around the B conformation, although both have the same width. The shift of the radial distribution around carbon atoms can be explained from signi®cantly larger s values in the Lennard-Jones parameters of backbone and thymine methyl carbon atoms in the CHARMM force-®eld (MacKerell et al., 1995) , that increase the equilibrium distance by 0.02 nm for water oxygen-carbon interactions compared to the AMBER force-®eld (Cornell et al., 1995) .
The minima in the radial distribution functions are used to de®ne hydration layers around DNA. Depending on the closest DNA atom, the boundaries of the ®rst and second hydration layers were given by 0.35/0.61 nm from oxygen, 0.39/0.63 nm from nitrogen, and 0.52/0.75 nm from carbon. The resulting shells are illustrated in Figure 5 (a) and (b). They correspond intuitively with the arrangement of hydration patterns. In experimental studies the de®nition of hydration layers depends on the type of experiment (Chalikian et al., 1994b; Buckin, 1987) . X-ray methods only resolve spatially ordered water molecules. Spectroscopic methods focus on the change of hydrogen bonding to neighboring water molecules in the vicinity of the solute (Tao et al., 1989; Falk et al., 1970) . Calorimetry emphasizes altered thermodynamic properties of water in the vicinity of DNA (Mrevlishvili, 1977; Chattoraj & Bull, 1971) , while different water dynamics in the hydration shell are measured from dielectric, diffusive, and acoustical properties (Buckin, 1987; Chalikian et al., 1994b; Wang, 1955) . Closest to our geometric de®nition of hydration layers are densometric measurements. This technique determines the number of water molecules around DNA with a density higher than bulk water, which is therefore directly related to the maxima in the conditional radial distribution functions. Such measurements have been performed with ®bers (Tunis & Hearst, 1968) and more recently in solution (Chalikian et al., 1994b) . Tables 4 and 5 list the average number of water molecules in the ®rst and second hydration layers de®ned as discussed above. Results are compared for both simulations and broken down by DNA group (Table 4) , atom type, and type of hydrogen bonding interaction (Table 5 ) depending on the closest DNA atom. The total number of water molecules is on average around 29 in the ®rst and 31 in the second hydration layer. A-DNA has slightly less water molecules in the ®rst shell: half a water molecule around C ÁG base-pairs and almost one water molecule less around T ÁA base-pairs. The number of water molecules is the second shell is similar to the ®rst shell, because the larger volume is compensated by a lower water density. In the A-DNA conformation the furanose ring is more exposed to the solvent (Alden & Kim, 1979) . At guanine and adenine bases with an A-type backbone throughout the simulation two additional water molecules are counted around the sugar Figure 11 . Volume-normalized conditional radial distribution functions of distances to closest heavy DNA atom averaged over the production length of the simulations and separated by atom type of closest DNA atom. Results with AMBER parameters are shown as continuous lines, with CHARMM parameters as broken lines. Only water molecules closest to atoms in basepairs 2 to 9 were counted to exclude edge effects.
moiety. On the pyrimidine strand, average water counts between the values for B-DNA in the AMBER simulation and A-DNA at the purine strand re¯ect the sampling of both A and B conformations (see Figure 1) . The higher number of water molecules at the sugar ring is compensated by fewer water molecules closest to the phosphate group and major groove base atoms. For the B conformation we ®nd 8.5 water molecules close to the phosphate and 2.5 close to the sugar group. Around an A-DNA backbone conformation, seven water molecules are closest to the phosphate backbone and 4.5 closest to the sugar ring.
The number of water molecules in the grooves is correlated with the groove widths around the B conformation. Fewer water molecules are counted in the narrower minor groove around T ÁA basepairs and more in the wider major groove compared to C ÁG base-pairs. In the A-DNA conformation, this trend is not followed in the major groove. Both C ÁG and T ÁA base-pairs are hydrated by the same number of water molecules. This results from a signi®cantly more exposed thymine methyl group in the B conformation (Alden & Kim, 1979) .
To understand the quality of DNA-solvent interactions, we counted the ®rst layer of water molecules separately, depending on the type of bonding to the DNA. As the criterion for hydrogen-bonding we used a maximum oxygenhydrogen distance of 2.5 A Ê and an oxygen-hydrogen-oxygen angle of more than 135
. Most of the water molecules are hydrogen bonded to oxygen atoms. In addition, two to three groove water molecules interact with nitrogen either as hydrogen bond donors or acceptors. Most of the remaining 9-11 water molecules are found around carbon atoms in a more hydrophobic environment. In comparison with experimental data the number of 20 bound water molecules around B-DNA agrees Hydration numbers of DNA segments are counted from water molecules in closest proximity. Averages are calculated over basepairs 3 to 4 (C ÁG) and 7 to 8 (TÁA) from 4-12 ns (AMBER) and 3-10 ns (CHARMM). Root-mean-square¯uctuations are given in parentheses. Averages are calculated over base-pairs 3 to 4 (C ÁG) and 7 to 8 (TÁA) from 4-12 ns (AMBER) and 3-10 ns (CHARMM). Root-mean-square¯uctuations are given in parentheses.
well with ®ber volume studies (Harmouchi et al., 1990) , where 20 water molecules were found to be necessary for the stabilization of B-DNA. However, while the water molecules around hydrophobic C ± H groups may not contribute as strongly to DNA stability, their structure and dynamics still differ signi®cantly from bulk water. Spectroscopic experiments of DNA in solution (Andrewartha et al., 1978; Tao et al., 1989) , measuring the change in hydrogen bonding environments, found 27-28 water molecules in the solvation shell of DNA, in rough agreement with our total number of ®rst layer water molecules T Á A base-pairs have one less water molecule bound to DNA, since the N2 group binding a third water molecule in the C Á G minor groove is replaced with C ± H in adenine. A greater extent of hydration of CÁG base-pairs is con®rmed from experiments (Chalikian et al., 1994b; Tippin & Sundaralingam, 1997) . In the A conformation, fewer water molecules are bound to DNA than around the B form, and more waters in hydrophobic contact with C ± H groups molecules discussed above. This is consistent with previous knowledge of A-DNA being favored over B-DNA at low water activities (Saenger, 1984) . The number of water molecules around C ÁG base-pairs in the A conformation is still close to 20 and the same as for T Á A base-pairs in the B conformation. On the other hand, T Á A base-pairs in the A conformation have a particularly low number of bound water molecules. This offers an explanation why GC-rich sequences are commonly found in A form in the crystal environment and under certain conditions in solution (Nishimura et al., 1986) , while AT-rich sequences are found almost exclusively in B form unless water activities are reduced drastically.
Correlations between base geometries and hydration extent in the major groove have been deduced from a comparison of water sites around isomorphous A-DNA octamer crystals (Tippin & Sundaralingam, 1997) . More solvent molecules per base step were found for higher twist angles and more hydrogen bonds for negative than for positive roll angles. The structural¯uctuations in our simulations provide an opportunity to generate continuous pro®les of groove water counts over the sampled conformational. range. In Figure 12 , such curves are shown for minor and major groove water counts around CÁG and T ÁA base-pairs in both simulations. The negative correlation of roll angles with major groove hydration, recently suggested by Tippin & Sundaralingam (1997) is con®rmed from our data. However, the twist angles are also negatively correlated with major groove water counts around the A-DNA structure in the CHARMM force-®eld simulation, in contrast to their results. For B-DNA conformations, water counts around C ÁG base-pairs follow a similar but weaker trend. Around T Á A base-pairs, major groove water counts are unaffected for twist angles from 25 to 34 but rise sharply for higher twist angles. Since AT-rich B-DNA structures are commonly observed with high twist angles (Gorin et al., 1995) , this suggests a stabilizing role of additional major groove hydration around A ÁT base-pairs.
Our data are in excellent agreement with calculations of hydration free energies around B-DNA base-steps in different geometries (Raghunathan et al., 1990) . They found a decrease in hydration energy that can be translated into increased extent of hydration in the major groove contribution from positive to negative roll angles, and a smaller increase in hydration energy in the minor groove contribution. Hydration energies for different twist angles showed a minimum from 35 to 40 around A ÁA base-pairs, also in qualitative agreement with our results.
Correlation of groove water counts with inclination angles reveals a decrease of major groove water molecules with increasing inclination angle in the CHARMM simulation. This trend is not followed in the AMBER simulation where the backbone remains in the B form. Towards negative inclination angles, hydration of the major groove around C Á G base-pairs increases in the AMBER simulation. Minor groove water follows a weak positive correlation with inclination angle in both conformations.
Discussion and Conclusion
Here, we have presented a detailed consideration of DNA hydration from molecular dynamics simulations of a fully¯exible DNA decamer in explicit solvent. Previous computer simulations have been performed mostly around ®xed DNA fragments and/or for very short simulation times. The simulation of¯exible DNA is important in adequate modeling of DNA-water interactions. In a recent molecular dynamics simulation of DNA hydration around d(CGCGAATTCGCG) 2 , positional variations in major groove hydration patterns were attributed to optimized hydrogenbonding with the DNA that could not be observed around static DNA (Duan et al., 1997) . Averages from a simulation time of 1 ns clearly show the main hydration patterns in the grooves, but lack the resolution of other water molecules in the ®rst hydration layer. However the strength of the molecular dynamics approach in understanding DNA hydration was demonstrated by good agreement of the simulated patterns with crystallographical results around the same sequence.
The signi®cantly longer simulation times in our calculations produced hydration patterns at a much higher resolution. Further enhancement was gained by the choice of our simulated sequence, that made averaging over consecutive homopolymeric base-pairs possible. The experimental results were found to be in excellent agreement with our data, both for individual hydration sites and the overall extent of hydration.
Limitations by the theoretical approach become most apparent in conformational deviations from underestimated w and twist angles in the B-DNA conformation, that result in shifted hydration patterns near the backbone compared to the crystallographic water sites. An in¯uence of the force-®eld on water-DNA interactions, other than through the different DNA conformations forced by the AMBER and CHARMM force-®elds, is only found Figure 12 . Correlation of minor and major groove hydration extent with helical parameters during both simulations. Results from the AMBER simulation are shown as continuous lines, from the CHARMM simulation as a broken line. Graphs for C Á G base-pairs are colored blue, for T ÁA base-pairs in yellow. In order to facilitate the comparison between the two simulations, water counts of the ®rst hydration shell at the grooves are normalized as relative changes to water counts at reference points of 5 inclination, 34 twist, and 0 roll angles. Inclination, twist, and roll angles were calculated with the NEWHEL93 algorithm (Dickerson, 1992) .
in slightly increased equilibrium distances of carbon-water oxygen interactions with CHARMM parameters. With these minor caveats our simulations are fully consistent with experimental data, but provide a level of model detail beyond current experimental capabilities. That allows not only for a careful evaluation of the simulation results, but at the same time uncovers limitations in the crystallographic data or analysis itself. A comparison of C Á G and T ÁA base-pairs in both A and B forms under similar environmental conditions is hindered in experiment by different propensities of C Á G and T Á A base-pairs for A and B-DNA conformations. In our simulations this is possible through a bias induced by the force-®elds, that forces A-phobic T Á A base-pairs into an A conformation with the CHARMM parameters and A-philic C ÁG basepairs into a B-like form (despite an intermediate salt environment), that would favor A-DNA with AMBER parameters. From this direct comparison, essential insight has been gained about the relation between hydration and DNA conformation.
Some of the consensus crystal water sites reported by Schneider & Berman (1995) do not match the simulated hydration patterns very well. Some positional shifts could be explained by conformational differences between the simulated DNA and the crystal structures, and one crystallographic water site around A-DNA was found to be speci®c for alternating GC sequences, but most of the crystal sites outside the simulated hydration patterns were matched by averaging the simulated water densities with respect to the closest DNA atom rather than determining the density maxima within the high water density regions. This may be a result of the original re®nements and/or the base-related analysis by Schneider & Berman (1993) . However the analysis of water sites around the guanine N2 atom showed that the same effect is caused by poor resolution of the crystal data. If individual water sites cannot be resolved, an average water site is found instead at a position matching none of the individual sites. Despite those problems, crystallography still provides the most detailed picture of ordered water around biomolecules. It has been frequently noted that the crystal environment may not be comparable with the biologically relevant aqueous solution environment by introducing arti®cial ordering of solvent molecules between the closely packed DNA fragments. Favorable agreement with our simulations that model the solution environment, support the validity of the crystallographic approach to understanding many biologically relevant hydration properties.
The contribution of hydration to the stability of A and B-DNA conformations has been discussed from different viewpoints. Individual hydration of anionic phosphate groups in B-DNA versus interphosphate water bridges in A-DNA has been promoted as the main factor in the``economy of hydration'' of DNA (Saenger, 1987) . A hydrophobic effect is emphasized from an analysis of solvent-accessible surfaces around DNA (Alden & Kim, 1979) . In the B conformation the sugar rings were found to be less exposed to the solvent than in the A form, resulting in a less hydrophobic surface that would be more favorable under high water activities. The particular stability of A ÁT base-pairs in the B conformation has been correlated with the observation of highly ordered water molecules in the minor groove (Drew & Dickerson, 1981) , but major groove hydration appears to be energetically more important in stabilizing different DNA conformations (Teplukhin et al., 1996) . Computational evidence has been found for the stabilization of A-DNA by association of hexaamminecobalt (III) and ethanol in the DNA major groove. The association of sodium ions in the major groove at the guanine base of the A conformation and the resulting``ring hydration'' motif is unusual. In the minor groove, additional ordered water molecules are found between pyrimidine O2 and purine N3 atoms to O4
H of the previous sugar ring in the A conformation. In the B conformation, this hydration site is not observed. The altered orientation of the sugar ring in the A conformation also affects the accessibility of the cytosine and thymine C6 ±H groups. This has been noted before around RNA . In the B conformation, water at the C6 atoms contributes to the individual hydration of the anionic phosphate oxygen atoms, compared to the interphosphate bridging in A-DNA backbones. As a consequence, the number of bound water molecules in the ®rst hydration shell is lower around A-DNA than around B-DNA. This is partially compensated by more water molecules in hydrophobic contact with the exposed sugar group, in particular around T ÁA base-pairs. While the lower number of bound water molecules in A-DNA explains the stability of B-DNA at high water activities, the signi®cantly higher number of hydrophobic contacts around T Á A base-pairs in the A conformation offers an understanding of the resistance of AT-rich sequences to undergo a B-A transition even under reduced water activities.
Differences between C ÁG and T ÁA base-pair hydration have relevant biological implications for DNA sequence recognition. Hydration patterns in the minor groove correspond with the groove width. The narrow minor groove around T/A base-pairs features a classic spine of hydration. The average computed groove width of 14.4 A Ê , as measured by the distance between the C3 H atoms on opposing sugar rings, does not allow complete individual hydration of the adenine N3 atom as suggested by results from crystallography around A ÁT base-pairs with wider grooves of around 14.8 A Ê . Around C ÁG base-pairs, the wider minor groove allows more extensive hydration. We ®nd clear evidence of individual guanine N2 hydration in contrast to the conclusion of analysis of crystal data (Schneider & Berman, 1995) . However, a careful comparison of our hydration patterns with water positions from individual crystal structures used in that analysis suggests dif®culties in resolving the dense water network from lower resolution data, while individual N2 hydration is found in crystals with better resolved diffraction peaks.
In the major groove, continuous hydration patterns are found near the purine bases. They follow the groove in the T ÁA tract, one connecting thymine O4 atoms, the other one between N6 and N7 of the adenine base with 1.5 water molecules per base-pair. Around guanine in the B conformation, high water densities are found transverse along the base from O6 and N7 hydration all the way to the backbone. This presents an interesting possibility for sequence recognition mediated through major groove hydration patterns. The C ÁG base-pairs were found to be more hydrated than T ÁA basepairs in both A and B conformations. This is in agreement with experimental results (Chalikian et al., 1994b ) and free energy calculations (Elcock & McCammon, 1995) . Early ®ber experiments that concluded that AÁT base-pairs are more hydrated (Tunis & Hearst, 1968) at 70 % relative humidities could be explained by different conformations of the studied AT and CG-rich sequences. CGrich sequences are more likely to be in the A form and would be less hydrated than A T-rich sequences in the the B form.
We also looked at the dependence of the hydration extent on conformational variability in the helix structure. Major groove hydration decreases with an increase of roll angles from negative to positive values in agreement with experiment (Tippin & Sundaralingam, 1997 ) and free energy calculations (Raghunathan et al., 1990) . Around the A conformation a decrease in major groove hydration was also found with increasing inclination and twist angles. However, the latter is in disagreement with a comparison of hydration sites around A-DNA structures (Tippin & Sundaralingam, 1997) .
Here, we have discussed the distribution of water around DNA in terms of hydration sites and hydration layers. Equally important in understanding water-DNA interactions is the orientation of water molecules by forming bridges between DNA atoms (Westhof, 1993; Vovelle & Goodfellow, 1993; Saenger, 1987) . However, a full picture of solvation around DNA also has to include the role of ions (Jayaram & Beveridge, 1996) . Their structural signi®cance in our structure is most obvious in the major groove of the A-DNA structure, where a sodium ion is incorporated into the hydration shell with a signi®cant equilibrium population. Both points are being investigated and will be presented in the future to complete the picture on DNA solvation from our simulations.
Methods
The simulation protocol has been described in detail (Feig & Pettitt, 1998) , therefore only an outline is presented here. The DNA decamer d(C 5 T 5 ) Á d(A 5 G 5 ) was simulated with the latest AMBER and CHARMM force®elds (Cornell et al., 1995; MacKerell et al., 1995) in a solvent of 2285 explicit TIP3P (Jorgensen et al., 1983) water molecules, 18 Na counterions and 32 additional Na/Cl ion pairs (Roux et al., 1995) , resulting in total ion concentrations of 1.2 M Na and 0.8 M Cl À . The ions were initially placed by replacing random water molecules throughout the simulation box. Standard molecular dynamics techniques were employed including periodic boundary conditions, velocity Verlet integrator (Allen & Tildesley, 1987) and SHAKE (Ryckaert et al., 1977) to enforce holonomic intramolecular bond and angle constraints and allow an integrator timestep of 2 fs. Electrostatic interactions were calculated by means of Ewald summation to avoid cutoff effects (de Leeuw et al., 1980; Smith & Pettitt, 1994) . The simulation program has been developed in our laboratory (Smith et al., 1996) . A total of 10 ns simulation time were produced with the CHARMM force-®eld, the simulation with AMBER parameters has been extended from the previously reported 10 ns to 12 ns for better statistics due to larger¯uctu-ations in the AMBER simulation. From the analysis of the solute we concluded that convergence effects are visible on a time-scale of several nanoseconds (Feig & Pettitt, 1998) . With the CHARMM parameters, a dynamic equilibrium was established at around 3 ns, with AMBER around 4 ns. Consequently, we performed the analysis of the solvent only from 3-10 ns in the CHARMM simulation and from 4-12 ns in the AMBER simulation. The remaining 7 and 8 ns simulation times are still signi®cantly longer than previous DNA solution simulations with all atoms, in particular those that have been exploited for solvent analysis.
Average water and ion distributions around the DNA solute were obtained by translating and rotating each analyzed con®guration such that the DNA best ®ts to the average DNA structure centered and oriented along the z-axis. Solvent atoms, including their nearest periodic images, were then counted on a 158 Â 158 Â 198 grid for the whole 3.95 nm Â 3.95 nm Â 4.95 nm simulation box. This corresponds to a grid resolution of 0.025 nm. Solvent distributions were also counted relative to basepairs with a slightly higher resolution of 0.02 nm and averaged over identical base-pairs within the homopolymeric moieties to generate detailed pictures of base type speci®c hydration patterns.
In order to describe hydration sites relative to basepairs we introduced a convenient coordinate system as shown in Figure 13 that is quick to calculate during solvent analysis. The x-axis is de®ned by connecting the centers of mass of each base calculated from the nonhydrogen atoms, excluding the sugar and phosphate Figure 13 . Base-pair centered coordinate system for description of hydration sites relative to base-pairs (see the text).
backbone. The sum of the C4-C2 (pyrimidine) and C6-C2 (purine) vectors is then used to de®ne the x-y plane and the z-axis perpendicular to that plane. The y-axis results from the cross product of the z and x-axes pointing from the major groove to the minor groove.
